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Petrology of the Noriticand GabbronoriticRocks
below the ]-M Reef in the Mountain View Area,
Stillwater Complex, Montana

By Norman ] Page and Barry C. Moring

Abstract

Field, petrologic, and geochemical investigations of
part of the Lower Banded series of the Stillwater Complex,
Montana, indicate that the cumulates forming the Norite |
and Gabbronorite 1 zones can be divided into subzones
and environments of deposition. The outcrops along the
west side of the Stillwater River that contain units above
the Bronzitite zone of the Ultramafic series and below the
Olivine-bearing | zone, containing the J-M Reef, are the
focus of this investigation. The Norite | zone is divided
into three subzones that tend to have cumulates with
bronzite-rich bases and plagioclase-rich tops with uncon-
formities between the subzones. The Gabbronorite | zone
is divided into four subzones with bases enriched in
bronzite and augite and tops enriched in plagioclase. Rock
sequences are plagioclase-bronzite to plagioclase cumu-
lates and plagioclase-bronzite-augite to plagioclase-
bronzite to plagioclase cumulates. Two extremes of
different depositional environments are reflected in the
subzones. One, found in the lower parts of the subzones,
produced cumulates with monotonous-appearing charac-
teristics that vary only slightly over relatively large distanc-
es; the other, occurring mainly in the upper parts of
subzones, produced cumulates that have highly variable
characteristics over relatively short distances.

Characteristics of the monotonous-appearing cumu-
lates include relatively thick modal and phase layers within
which there is slight variation in the modal composition of
the cumulates. Nevertheless, the layers exhibit pyroxene-
enriched bases and plagioclase-enriched tops and are
therefore mineral graded. Cryptic layering is limited;
bronzite and plagioclase show only small changes in En
and An content. Textural layering is rare.

Characteristics of the rocks representing the environ-
ment that produced highly variable cumulates include thin
modal and phase layering, variable modal proportions,
and variable bronzite and plagioclase compositions. Min-
eral, size, cryptic, and textural layering are well devel-
oped. Syndepositional structures, such as slump and ramp
structures, and irregular layering such as crossbeds and

basinlike structures are common. Changes take place’

rapidly up stratigraphic section and along strike.

Overall characteristics of the zones constrain models
for the processes and include the following: (1) The
average modal composition of plagioclase-bronzite and

plagioclase-bronzite-augite cumulates approaches hypo-
thetical eutectoid compositions, although few individual
samples do; (2) average bronzite and plagioclase compo-
sitions change by about only 3 percent in En and An
contents, although they tend to change to lower En and
An contents upward through the zones in a relatively
regular fashion; (3) layer sequences most commonly are
one- or two-pyroxene-plagioclase cumulates followed by
plagioclase-bronzite and plagioclase cumulates or one-
pyroxene-plagioclase followed by plagioclase cumulates;
and (4) monotonous-appearing cumulates dominate the
stratigraphic section in the Norite | zone, and the cumu-
lates with variable characteristics have a progressively
increasing dominance in the upper part of the Gab-
bronorite 1 zone as the Olivine-bearing | zone is ap-
proached.

One possible model for the development of these
cumulate packages in the Lower Banded series consists of
the following sequence of events: (1) Equilibrium crystal-
lization of basaltic magma in approximately eutectoid
proportions with the crystals suspended throughout the
magma followed by settling, floating, or both of the
cumulus crystals to produce the monotonous-appearing
lower parts of the subzones; (2) continual changes in the
orientation of the floor, perhaps related to the introduc-
tion of new magma into the chamber, that produced
mechanical instability and initiated currents, convective
cells, and instability in the crystal pile to produce the
highly variable cumulates of the upper parts of subzones;
(3) introduction of new magma either from an external
source or by variable depth convection within the Stillwa-
ter chamber; and (4) return to mechanical stability and
repetition of the processes. The progressive increasing
dominance of cumulates with variable properties up sec-
tion as the Olivine-bearing | zone is approached suggests
that mechanical instability reached a maximum just before
and perhaps during the deposition of the Olivine-bearing
| zone and the J-M Reef.

INTRODUCTION AND PREVIOUS STUDIES

The glaciated outcrops of norite on the west side of
the Stillwater River valley have attracted the attention of
many investigators in the Stillwater Complex in southwest-
ern Montana. These outcrops have been given a variety of
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names: “westside of the Stillwater Valley” by Hess (1938a,
1960); “back of the home of M. W. Mouat” by Jones and
others (1960); “Hjelsvik outcrop” in Anaconda Minerals
Company informal usage; “Minneapolis Adit area” by
Anaconda Minerals Company; and “Snoopy’s Doghouse”
in U.S. Geological Survey informal usage. Hess (1938a)
developed his early observations and ideas concerning the
origin of banding in norite and gabbro on the basis of these
outcrops and later expanded these ideas and observations
with detailed cross sections and sketches of structural
features (Hess, 1960). Jones and others (1960) used obser-
vations from these outcrops as examples of the variation in
layer thickness in the Banded series and as examples of
gravity stratification. The discovery and exploration of the
J-M Reef, a platinum-group-element mineralized zone, in
the Mountain View area and elsewhere in the Stillwater
Complex revived the interest in these outcrops and adjacent
ones as representing the results of precursor processes to the
development of the platinum-bearing zone. Before and
during the period of exploration for platinum-group miner-
alization, other investigators studied rocks from the equiv-
alent stratigraphic levels of the complex along strike and
added geologic and mineralogic information for those areas
(Hess, 1960; McCallum and others, 1980; Segerstrom and
Carlson, 1982; Todd and others, 1982). This report focuses
on stratigraphic, structural, mineralogic, petrologic, and
geochemical details of these and adjacent outcrops that form
the Lower Banded series below the J-M Reef in the
Mountain View area.

Without the accumulated information base on the
Stillwater Complex and adjacent rocks built since 1920 by
several overlapping comprehensive investigations of struc-
ture, stratigraphy, geochemistry, and petrology of the
complex, the present investigation would lack a framework.
The stratigraphic nomenclature used in this report is that of
Zientek and others (1985), who in addition to making
stratigraphic recommendations summarized the previous
usages. In the Lower Banded series, the usage in the report
parallels that of McCallum and others (1980). The extensive
studies of the bottom part of the complex, the Basal series,
and the overlying Ultramafic series done up to 1984 are
summarized and referenced in a guide to the Stillwater
Complex edited by Czamanske and Zientek (1985). Peoples
(1932, 1933, 1936), Hess (1936, 1938a, b; 1939, 1941,
1940, 1960), Hess and Phillips (1938, 1940), McCallum
and others (1982), Segerstrom and Carlson (1982), Todd
and others (1982), Lambert (1982), LeRoy (1985), and
Foose (1985) concentrated on the Banded series. Isotopic
studies include those of Nunes and Tilton (1971), DePaolo
and Wasserberg (1979), Coffrant and others (1980), Nunes
(1981), and Lambert and others (1985). Studies on sulfide
minerals and platinum-group metals include those of How-
land (1933), Howland and others (1936), Roby (1949),
Page (1971a, b, 1972, 1979), Page and Jackson (1967),
Page, Riley, and Haffty (1969, 1971, 1972), Page, Rowe,
and Haffty (1976), Fuchs and Rose (1974), Cabri (1981),

Leonard and others (1969), Conn (1979), Barnes (1982),
Boudreau (1982), Bow and others (1982), Todd and others
(1982), Barnes and others (1982), Humphreys (1983),
Barnes and Naldrett (1985), Turner and others (1985), and
Mann and Lin (1985). Page (1977) summarized the infor-
mation on the succession of rocks, metamorphism, and
structure of the Stillwater Complex and adjacent rocks.
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GENERALIZED GEOLOGIC HISTORY OF THE
STILLWATER COMPLEX AND ADJACENT ROCKS

The geologic history of the Stillwater Complex and
associated rocks that crop out along a northwest-southeast
trend on the north margin of the Beartooth Mountains in
southwestern Montana (fig. 1) extends back over 3,140
m.y. (million years) and contains at least two mountain-
building events. Page (1977) and Page and Zientek (1985)
summarized the Precambrian events, and Jones and others
(1960) described the post-Middle Cambrian events for the
Stillwater area. Segerstrom and Carlson (1979) described
some of the Cenozoic events. Foose and others (1961),
Casella (1969), and Mueller and others (1985) gave sum-
maries of the geology of the encircling Beartooth Mountain
region. The geologic history of the area is summarized in
table 1. Five major groups of rocks are present: (1)
regionally metamorphosed rocks consisting of granitic
gneiss and associated metasedimentary rocks of Precam-
brian or Archean age; (2) hornfelsed metasedimentary rocks
associated with the Stillwater Complex; (3) stratiform mafic
and ultramafic rocks of the Stillwater Complex; (4) an
intrusive sequence of quartz monzonitic rocks of Precam-
brian age or Late Archean; and (5) sedimentary rocks of
Paleozoic and Mesozoic age.

The events listed in table 1 that are the most signifi-
cant in the generation of the Lower Banded series in its
present position and attitude are (1) the fractionation and
accumulation of magmatic sediments from the Stillwater
magma(s); (2) low-grade regional metamorphism with pos-
sible thrust and normal faulting in the Early Proterozoic;
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details of the distribution, thickness, structures, fabrics,
internal stratigraphy, petrology, mineral compositions, and
geochemistry of each unit and synthesis of these data for the
Lower Banded series make up most of this report.

Although cumulus terminology which contains the
concept of crystal settling as developed by Wager and
others (1960) and Jackson (1967) has been questioned on
the correctness of the concept (Campbell, 1978; McBirney
and Noyes, 1979), cumulus terminology is used in this
report without a genetic connotation in the sense of Irvine
(1982). Definitions, origins of terminology, and references
to examples are adequately discussed by Irvine (1982) and
need not be repeated here.

METHODS AND TECHNIQUES

Besides the normal usage of aerial photographs and
topographic maps at various scales, stratigraphic sections,
measured in detail, constitute a large part of the input into
detailed maps. A schematic sketch map, reproduced here as
figure 22, was constructed from sections 1.5 to 3 m apart
with individual contacts and rock units traced in between
sections. Although most of the sections in this report have
been adjusted for dip, the reported thicknesses are approx-
imations. A.E. Boudreau (University of Washington) con-
tributed maps of faces and walls of the underground
workings in the Minneapolis adit, which were used in
conjunction with measured sections to produce the strati-
graphic sections from underground workings.

Most of the samples, both hand and drillcore sam-
ples, were slabbed, ground, and etched with HF to amplify
the plagioclase-pyroxene textural relations and to allow
photocopying of slabs for working diagrams. Thin sections
were described and for many of the samples polished thin
sections were examined. Using grids and a binocular
microscope, 500 points were counted on slabs to obtain
modes of plagioclase, pyroxene, olivine, spinel, and sulfide
and, in some samples, orthopyroxene-to-augite ratios.
Modes of 1,000 points were also obtained from thin
sections to refine the slab modes. In thin sections, exsolu-
tion lamellae in pyroxenes were counted as part of the host
pyroxene, and alteration minerals were assigned to parent
minerals where possible; otherwise, alteration minerals
were counted as such. In some of the thin sections, attempts
were made to separate cumulus material from postcumulus
material, and the criteria for doing this will be discussed in
a later section of the report. Grain sizes, maximum and
minimum dimensions, were measured on slabs and in thin
section. Usually, 60 to 100 grains were measured in a
particular slab or thin section. The technique used is similar
to that of Jackson (1961a) and Page (1979). Because the
data are used only for internal comparisons, no corrections
for sectioning effects were made.

Electron microprobe analyses of plagioclases
(Scheidle, 1983; Czamanske and Scheidle, 1985) and of

pyroxenes (Zientek, 1983) have shown large (5 to 10 mole
percent) variations in composition within single samples.
These studies indicate that to obtain average pyroxene and
plagioclase compositions by the microprobe would take an
overwhelming effort. Because we wished to average the
internal sample variations in composition, X-ray diffraction
techniques developed with Stillwater plagioclases and
pyroxenes were chosen. Himmelberg and Jackson (1967)
developed a method for determining the ionic percentage of
magnesium in bronzite, referred to in this report as the En
(enstatite) content of bronzite. The precision of the mea-
surements ranges from 0.08 to 2.54 percent En content and
averages 1.14, which is well within the two-sigma deviation
of 1.3 percent assigned to the determinative survey by
Himmelberg and Jackson (1967). Many estimates of pla-
gioclase composition were made during examination of thin
sections, but all the compositions reported were determined
by the X-ray method of Jackson (1961b) developed specif-
ically for plagioclase from the Stillwater Complex. The
uncertainty for the determinative curve is +2.1 percent An
(anorthite) in the range of about Angs_g, and otherwise is
*2.5 percent An (Jackson, 1961b). Precision of the mea-
surements in this study is within these limits. Measurements
between standard and unknown diffraction peaks were
made using the computerized techniques described by
Moring and Carlson (1985) and Carlson and Moring (1985).

GEOLOGY AND STRATIGRAPHY OF THE
LOWER BANDED SERIES

The Norite I, Gabbronorite I, Olivine-bearing I, and
Norite II zones crop out along a 40-km strike length
between the Bronzitite zone of the Ultramafic series and the
Gabbronorite II zone of the Lower Banded series, as can be
inferred from the maps by Segerstrom and Carlson (1982)
or figure 4 of Page and Zientek (1985). At the east end, the
complex is covered by glacial moraines in the Fishtail Creek
area; it is cut out by faulting at the west end. Locally (for
example, at the Benbow area), Paleozoic sedimentary rocks
overlie the Banded series on an erosional unconformity.
Attitudes of cumulus layering within the units and contacts
with the overlying and underlying units strike between
about N. 80° W. and N. 60° W. Page (1977, p. 59-62)
discussed layering fabrics in the Banded series and pointed
out that there is a consistent overall decrease in dip of
cumulus layering from nearly vertical to overturned on the
east end to near 60° N. on the west end of the complex, with
an average strike of N. 78° W. and a dip of 77° N. Locally
dips are as low as 30° N. These observations also apply to
the Norite I, Gabbronorite 1, Olivine-bearing I, and Norite
II zones.

The approximate thickness of these zones ranges
from about 320 m between the Mountain View and Initial
Creek areas, where faulting has structurally thinned the unit,
to about 1,067 m north of the Chrome Mountain area,
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where faulting has thickened the unit by repetition. Normal
thicknesses appear to be between 600 and 900 m where
structures have not been recognized. The variation in
thickness indicates that there is about 150 to 300 m of
variation that is probably due to depositional conditions.
North- or south-dipping, westerly striking ramp and thrust
faults such as the Brownlee Creek, Iron Creek, and South
Prairie fault systems locally alter profoundly the outcrop
widths of these zones (see Page, 1977; Jones and others,
1960; Bow and others, 1982; and Turner and others, 1985,
for detailed discussions), whereas the northeast-southwest-
striking normal faults alter the strike continuity.

The contact between the Norite 1 zone and the
underlying Bronzitite zone appears to be sharp and con-
formable or concordant, meaning that the attitude of the
contact parallels cumulus layering in both zones. Locally,
bronzite cumulate xenoliths are found in the Lower Banded
series, such as those described by Hess (1960) from the East
Boulder Plateau, which he believed were from the Bronzi-
tite zone because of similar bronzite compositions (Engg). If
his hypothesis is correct, then the contact between the
Norite I zone and Bronzitite zone must locally be an
unconformity. The contact between the Norite II zone and
the overlying Gabbronorite II zone appears to be conform-
able and varies in nature from gradational, by interstratifi-
cation of plagioclase-bronzite and plagioclase-bronzite-
augite cumulates, to sharp, with the appearance of augite as
a persistent cumulus mineral.

Geologic Setting in the Mountain View Area

The area under consideration, shown in figure 3, is
part of the Mountain View area (fig. 1). The map units in
figure 3 are based on Segerstrom and Carlson’s (1982)
nomenclature, unlike the rest of this report. Underlying
rocks of the Mountain View area are contained within two
blocks bounded by thrust faults. One block, bounded by the
Lake fault and Bluebird thrust, has been rotated so that
cumulus layering within the block is about at right angles to
the average trend of cumulus layering in the rest of the
complex. Major rock units within this block include the
Stillwater Complex units consisting of the Basal series,
Ultramafic series, and part of the Norite I zone; metasedi-
mentary rocks below the complex; and quartz monzonites
intrusive into the Basal series and the metasedimentary
rocks. Geologic, structural, and petrologic problems within
this block have been addressed by Jones and others (1960),
Jackson (1968, 1969), Page (1977, 1979), Zientek (1983),
and Raedeke and McCallum (1984) among many others.
The other major block in the Mountain View area is
bounded on the south by the Lake fault and on the north by
the Horseman thrust. Rock units within this block include
the upper part of the Bronzitite zone of the Ultramafic
series, and the Lower Banded series. Cumulus layering
within this block more closely approximates the average

attitude within the Banded series of the complex (see fabric
diagrams of Page (1977, p. 62 for subarea 17). An
important structural feature within this block is the South
Prairie fault system that causes repetitions within the Lower
Banded series (Bow and others, 1982; Turner and others,
1985). Unpublished and published geologic maps of this
block have been made at various scales by Howland and
Peoples (1940-1950, unpublished, 1:6,000), Jackson
(1951-1959, unpublished, 1:12,000), Page and Nokleberg
(1974, 1:12,000), and Segerstrom and Carlson (1982,
1:24,000); however, except for the rocks immediately
adjacent to and within the J-M Reef (Bow and others, 1982;
Barnes and Naldrett, 1983; Turner and others, 1985) and
the studies of Hess (1960), few geologic, petrologic, or
chemical problems have been addressed.

Mapping of surface outcrops in the Mountain View
area allows the lower part of the Lower Banded series to be
divided into nine relatively distinctive units. In general, the
lower 22 percent of the section is dominated by massive,
nonlayered plagioclase-bronzite cumulate followed by
plagioclase-bronzite cumulate that is modally layered and
contains minor amounts of thin plagioclase cumulate layers
for the next 23 percent of the section. The next 21 percent
of section is still dominated by modally layered plagioclase-
bronzite cumulate but contains minor amounts of
plagioclase-bronzite-augite and plagioclase cumulates.
About the next 8 percent of section is characterized by
cyclic repetition of plagioclase-bronzite and plagioclase-
augite-bronzite cumulates with minor plagioclase cumulate
layers. The appearance of olivine and olivine- plagioclase
cumulates interlayered with plagioclase cumulates marks
the next 3 percent of the section. The top 23 percent of the
section contains modally graded layers of dominantly
plagioclase-bronzite cumulates with minor plagioclase-
bronzite-augite cumulates.

Another feature of the lower part of the Lower
Banded series in the Mountain View area is the well-
developed modal layering, most of which has decreasing
amounts of pyroxene upwards. Hess (1960) estimated that
two-thirds of the layers were “gravity stratified,” that is,
showed an increase in the amount of plagioclase upwards.
In addition, over 80 percent of the plagioclase cumulate
layers have sharp upper contacts and gradational lower
contacts.

The composite unit consisting of the Norite I, Gab-
bronorite I, Olivine-bearing I, and Norite II zones forms a
tabular unit in the Mountain View area striking west-
northwest and dipping 60° to 80° N.(fig. 3). As exposed in
outcrops, it varies in thickness from about 594 m at the east
end low in the Stillwater River valley to about 320 m at the
western edge of the map area. This variation in thickness is
ascribed, in part to repetition and removal of section by the
South Prairie fault system. Within the Mountain View area,
the composite unit does not reach the thickness of 700 m
given by Segerstrom and Carlson (1982) or the 835 m
estimated by Hess (1960).
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Figure 3. Geologic map of part of Mountain View area, Stillwater Complex, Montana, modified from Page and Nokleberg
(1974), using unpublished geologic mapping of Page and Moring (1980-1983), and from Page and others (1985).
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Stratigraphic Characteristics of the
Lower Part of the Lower Banded Series

The generalized composite columnar section of the
lower part of the Lower Banded series, from slightly above
the contact of the Bronzitite zone with the Norite I zone to
the Olivine-bearing I zone, illustrates the complexities and
variation in cumulate rocks within this interval (fig. 4).
Both the lower and upper contacts of this interval are phase
contacts marked by the appearance of plagioclase and
olivine as cumulus minerals, respectively. The development
of cross-stratification, slump structures, basinlike struc-
tures, and onlap and offlap and ramp structures seems to be
characteristic of this interval in the Mountain View area,
although such features are common in certain parts of the
stratigraphic succession above the lower part of the Lower
Banded series. The approximate stratigraphic positions and
figure number for more detailed columnar sections are
shown on the generalized section (fig. 4) and the sample
numbers shown on each detailed section are on plate 1.
These sections and map form the basis for the discussion of
each unit in the lower part of the Lower Banded series.
After examining the details of each zone and subzone, the
rest of the report will synthesize and interpret the informa-
tion as related to the generalized section (fig. 4).

Definition, Distribution, and Thickness
of the Subzones and Zones

Norite | Zone

The Norite I zone consists predominantly of
plagioclase-bronzite cumulates and minor amounts of pla-
gioclase cumulates. It is divided into three subzones
described below.

Subzone 1

Subzone 1 consists of monotonous-appearing plagio-
clase-bronzite cumulates throughout most of its thickness,
all with approximately the same modal mineralogy. It
overlies the Bronzitite zone and near its base locally
contains disseminated cumulus chromite (see Page and
others, 1985, p. 178). In the upper part of subzone 1, modal
variations become common, and thin, discontinuous (on the
scale of an outcrop) plagioclase cumulate layers are devel-
oped, as well as various layering structures such as basin,
slump, and ramplike features. The upper contact of subzone
1 with subzone 2 is marked by beds with an upward-
increasing amount of plagioclase, followed by the bronzite-
rich base of subzone 2. Subzone 1 is thicker (274 m); in the
western part of the area and thins to the east (137 m); its top
surface is inferred to be concave down, forming a basinlike
shape.

Exposures are not extensive in the area studied;
however, the basal part was examined on upper part of the

Mouat mine road, the middle part on the road to the
Mountain View Cu-Ni adit, and the upper part in a glaciated
outcrop on the lower part of the Mouat mine road (see plate
1). All the locations are shown on figure 4, and the
measured columnar sections are presented in figure 5.
Modal variations were used to define the beds shown in
columnar sections (fig. 5). Because of variations along
strike, the thickness and number of beds in a particular
column are accurate only for the place where the section
was measured, but they are representative of the outcrop in
a general way. The measured sections indicate that most of
the complications in bedding, rapid variation in modal
mineralogy, development of structures, and so forth, occur
only in the top part of subzone 1 (fig. 5). Elsewhere in the
unit, such features appear not to have developed.

Subzone 2

The base of subzone 2 is a bronzite-rich (40-70
percent)-plagioclase cumulate which has a sharp discon-
formable contact with upper plagioclase cumulate or
plagioclase-rich (80-90 percent)-bronzite cumulate of sub-
zone 1 (fig. 6). From the bronzite-rich base the rocks grade
rapidly to plagioclase (80-70 percent)-bronzite (20-30 per-
cent) cumulates within which modal and size-graded layer-
ing is rare, especially in the western part of subzone 2.
Along strike to the east, the middle part of subzone 2
contains plagioclase-bronzite cumulates with thin (2-30 cm
thick) interlayered plagioclase cumulate. Modal layering is
common in the plagioclase-bronzite cumulates. Layers are
graded from bronzite-rich bases to plagioclase-rich tops.
Besides these more common layers, wispy discontinuous
(>2 to 5 cm thick) plagioclase cumulate layers are present
as are crossbedded structures. The upper part of subzone 2
contains modally graded plagioclase- bronzite cumulates
with plagioclase-rich tops with some discontinuous wispy
plagioclase cumulate layers. Eventually subzone 2 grades
up to plagioclase- bronzite (95-100 percent and 0-5 per-
cent, respectively) cumulate at the top. In the eastern part of
the map area subzone 2 is about 76 m thick (fig. 7), and is
inferred to wedge out toward the west.

Comparison of the columnar sections (fig. 7) shows
that the thick isomodal parts of subzone 2 change along
strike to complexly layered plagioclase-bronzite cumulates.
This appears to be a characteristic of subzone 2; however,
because of poor exposures of other units, it is unknown if
similar changes along strike may occur in them too.

Subzone 3

The base of subzone 3 consists of bronzite-rich
plagioclase cumulate in its western exposure and in its
eastern exposure consists of a thin bronzite-augite-rich-
plagioclase cumulate that grades rapidly upward to a
bronzite-plagioclase cumulate (fig. 8). These cumulates
disconformably overlie, with a sharp contact, the plagio-
clase or plagioclase-rich bronzite cumulates of subzone 2.
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Figure 4. Generalized schematic composite columnar section and rock description of part of Lower Banded

series showing position of J-M Reef, Mountain View area, Stillwater Complex, Montana.

Petrology of the Noritic and Gabbronoritic Rocks, Stillwater Complex, Montana

Ci1



Most of subzone 3 consists of isomodal plagioclase-bronzite
cumulate that near the top of the unit grades upward into a
plagioclase or plagioclase-rich bronzite cumulate.

Subzone 3 is about 58 m thick in its eastern exposures
and is inferred to pinch out to the west (pl. 1).

Gabbronorite | Zone

The Gabbronorite I zone marks the appearance of
abundant augite as a cumulus mineral and is composed of
bronzite-augite-plagioclase, bronzite-plagioclase, and pla-
gioclase cumulates. It is divided into four subzones,
described below.

Subzone 1

A bronzite-augite-rich-plagioclase cumulate marks
the base of subzone 1 of the Gabbronorite I zone; it overlies
the plagioclase-rich upper layer of subzone 3 of the Norite
I zone with a sharp and disconformable contact. The unit
consists of plagioclase-bronzite cumulate interlayered with
plagioclase-bronzite-augite cumulate and minor amounts of
plagioclase cumulate. Modal layering characterized by the
gradation from pyroxene-rich bases to plagioclase-rich tops
is common. Many of these layers have bases that are locally
enriched in augite with respect to bronzite and grade upward
into plagioclase-bronzite cumulate. Plagioclase cumulate
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Norite Il Zone

Modally layered plagioclase-bronzite and plagioclase
cumulates with local discontinuous plagioclase-bronzite-
augite cumulates in the upper parts compose the Norite II
zone (fig. 14). The unit has a sharp, conformable phase
contact with the underlying plagioclase cumulates of the
Olivine-bearing I zone and a sharp phase contact with the
overlying plagioclase-bronzite-augite cumulate of the Gab-
bronorite I zone. The Norite II zone ranges in thickness
from 119 to 137 m within the map area.

STRUCTURES IN THE ROCKS BELOW
OLIVINE-BEARING | ZONE

Within the units below the Olivine-bearing I zone, the
most visible structural feature is igneous layering formed by
variations in various physical and chemical properties of the
minerals and thus in the rocks that form the units. Another

type of layering displays characteristics similar to current-
formed features in sedimentary rocks. In addition to layer-
ing, there are structures that deform the nearly parallel
layering and that appear to have formed slightly after the
layering formed. These structures will be called syndeposi-
tional deformation structures and appear analogous to soft-
sediment deformation features.

Modal and Phase Layering

Igneous layering, defined by the abundance, pres-
ence, size, or composition of various cumulus minerals,
characterizes the units below the Olivine-bearing 1 zone.
Thickness of layers ranges from that of one crystal width to
greater than 15 m with the lateral (along strike) extent of
individual layers ranging from a few to hundreds of meters.
Layers are generally subparallel within the subzones: both
concordant and discordant contacts occur between layers.
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Figure 8. Columnar sections of subzone 3 of Norite | zone showing stratigraphy, modal mineralogy, and plagioclase and
bronzite compositions. A, Area B on plate 1. B, Detailed section locality D on plate 1.

C16

Contributions on Ore Deposits in the Early Magmatic Environment



Syndepositional deformation ramp and slump structures and
currentlike features such as crossbedding, channels, and
wispy layering occur locally.

Modal layering, resulting from relative changes in the
proportions of cumulus minerals, can form either isomodal
or modally graded layers. Normally graded layers—
decreasing mafic modes from bottom to top (Irvine,
1982)—are significantly more common than inversely grad-
ed layers. Several symmetrically graded layers, ones with
inversely graded lower parts and normally graded upper
parts, occur in the Gabbronorite I zone, especially in
subzone 3 (for example, see fig. 12).

Phase layers are a special case of modal layers
marked by the appearance or discontinuance of a cumulus
phase (Irvine, 1982). By definition, all phase contacts are
sharp, although cumulus phases may modally grade to a
sharp phase contact. Phase layers range in thickness from
less than 1 cm to at least 180 m in subzone 1 of the Norite
I zone. Plagioclase cumulate layers followed by
plagioclase-bronzite or plagioclase-bronzite-augite cumu-
lates form the most common sequence in the section below
the Olivine-bearing I zone (fig. 4) and have phase contacts
between them.

Layering in subzones 1, 2, and 3 of the Norite I zone
consists of modally graded plagioclase-bronzite cumulates
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and plagioclase cumulates. Where both lithologies crop out
with stratigraphic continuity, the upward sequence is
plagioclase-bronzite cumulate going to plagioclase cumu-
late through loss of bronzite. The change from the lower
cumulate layer to the upper one is generally graded over
centimeters to meters by the loss of orthopyroxene until a
phase contact is reached. With few exceptions, the contacts
between plagioclase cumulates and overlying plagioclase-
bronzite cumulates are sharp with the base of plagioclase-
bronzite layers enriched in bronzite. Rarely, plagioclase
cumulate layers are bounded by sharp modal basal and
upper contacts.

Subzone 1 is distinguished from the overlying sub-
zones of the Norite I zone by the predominance of massive,
indistinct layering. In general, there appears to be a slight
upward decrease in cumulus bronzite (fig. 5). Superim-
posed upon the trend are a few modal and phase layers that
are 0.6 to 0.9 m thick near the bottom of the unit and 8 to
30 cm thick near the top of the unit. The phase layers near
the base consist of plagioclase-bronzite- chromite cumulates
interlayered with plagioclase-bronzite cumulates. These
layers extend 3 to 6 stratigraphic meters above the lower
contact of subzone 1 of the Norite I zone with the Bronzitite
zone. The other phase-graded and modally graded layers
occur in the upper 15 to 30 m of subzone 1 of the Norite I
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Figure 9. Columnar sections of subzone 1 of Gabbronorite | zone showing stratigraphy, modal mineralogy, and plagioclase and bronzite compositions. A, Area

north of area B on plate 1. B, Area north of described section locality D on plate 1.

zone. The phase layers consist of 3- to 15-cm plagioclase
cumulate interlayered with plagioclase-bronzite cumulate.
Layering in the subzones of the Gabbronorite I zone
consists of modal and phase layers of plagioclase-bronzite-
augite cumulate, plagioclase-bronzite cumulate, and plagio-
clase cumulate. Where all lithologies are present, the
complete upward sequence is generally plagioclase-
bronzite-augite cumulate grading through loss of augite to
plagioclase-bronzite cumulate and to plagioclase cumulate
upon the loss of cumulus bronzite. Symmetrically graded
layers, common to subzone 4, may begin with a
plagioclase-bronzite cumulate and then follow the above
sequence. Locally numerous plagioclase cumulate layers 1
to 15 cm thick are superimposed on these cyclic trends but
with minimal effect on the overall modal trends (fig. 13).

Fabric of Layers from Subzone 2 of the
Gabbronorite | Zone

Petrofabric investigations in the Ultramafic series on
bronzite by Jackson (1961a) demonstrated that where the
crystals are equidimensional there is little or no preferred
orientation, but where the crystals are broad and flat or
elongate they tend to lie in the layering plane making an
apposition fabric. W.J. Nokleberg gathered information of
a similar nature on bronzite-plagioclase cumulates from the
“Snoopy’s Doghouse” outcrop in order to extend Jackson’s
(1961a) type of study into the Lower Banded series. He
worked on two samples, collected by Jackson, containing
seven layers within about 46 cm of section that came from
subzone 2 of the Gabbronorite I zone. This section of the
report is based on Nokleberg’s generously contributed
unpublished information.

Slabs of the rock samples used in this study, shown in
figure 15, illustrate the layered sequence of plagioclase-
bronzite and plagioclase cumulates. The variation in the
composition of bronzite and plagioclase, based on electron
microprobe analyses of single crystals over the 46-cm
stratigraphic interval, is less than 6 atomic percent
Mg/Mg+FexMn=*CrxCa and less than 4 atomic percent
Ca/CaxNazxK, respectively (fig. 16). The variation over
this short interval is about the same as within the Norite I
and Gabbronorite I zones. Calcium in bronzite and potas-
sium in plagioclase show very little variation with strati-
graphic position.

The layer from which fabric 1 (fig. 15) of bronzite
was determined contains crystals that range in size (along
optic axes) from X=1.5 mm, Y = 1.3 mm, and Z=2.8 mm
to X=6.1 mm, Y=7.9 mm, and Z=14.7 mm. The average
size of bronzite is X=3.61.1 mm, Y=4.41.6 mm, and
Z=8.03.3 mm. A weighted average was used to calculate a
crystallographic axial ratio a:b:c of 0.64:0.57:1, using the
bronzite orientation preferred by Hess and Phillips (1940).
Fabric diagrams of the principal optic axes directions of 39
crystals are shown in figure 17A, contoured in percent
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to attitude of more regular modal layering. Two examples
of crosslaminations are shown in figure 20.

M.P. Ryan (in Page and others, 1985) described the
crosslaminations in figure 20B as crossbeds built up of
sigmoidally nested members, each suggesting the deposi-
tion of successive bronzite-rich, then plagioclase-rich hori-
zons formed, Ryan inferred, in response to bed-load trans-
port in the basal boundary layer. The alternating bronzite-
rich and bronzite-poor layers in figure 20A could be
interpreted as foreset beds raking toward the east. All of the
crosslaminations and wavy laminations are suggestive of
crystal deposition from currents near the floor of the magma
chamber.

Wispy layering occurs in three locations in subzone 2
of the Norite I zone, two of them immediately below the

contact of subzones 2 and 3 (fig. 21) and the third near the
middle of the unit associated with slumping and channeling.
In each location, the wispy layering forms irregular zones of
nonplanar modal and phase layering that are 0.6 to 1.5 m
thick. The individual layers range in thickness from one
crystal to 1 cm and are discontinuous along strike. These
thin layers appear to have no systematic orientation or shape
and vary from irregular wave shapes to short discontinuous
lenses.

Small-scale (1.5 to 3 m across) and larger scale
channel-like or basinlike structures are present in the map
area and seem to be more common in subzones 2 through 4
of the Gabbronorite I zone. The area called “Snoopy’s
Doghouse” contains some of the better exposed basinlike
features, thus it was mapped in detail by compiling visual
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Figure 12. Columnar section of subzone 3 of Gabbronorite | zone showing stratigraphy, modal mineralogy, and

plagioclase and bronzite compositions.

Petrology of the Noritic and Gabbronoritic Rocks, Stillwater Complex, Montana c21



estimates of pyroxene modes in 10 sections across the strike
of the layering and along the strike between sections. This
type of modal mapping shows the shapes and dimensions of
two small-scale basinlike features (fig. 22). The structures
are concave down with respect to the stratigraphic section
and appear to cut out some of the underlying layer. The
basins are then filled by thin bronzite- plagioclase and
plagioclase cumulate layers (fig. 23) that within the basin
are discontinuous. The lowermost infilled layers tend to be
enriched in bronzite. The axis of the channels appears to
trend toward the northeast and plunge either down the dip
direction or up the dip direction. Because of the subflat-
tened, glaciated outcrops, making a series of structure
measurements and finding a solution for the attitude of the
axis was unsuccessful.

Examination of the vertical and lateral variations in
the modal layers of the “Snoopy’s Doghouse” area (fig. 22)
and comparison of these changes with similar changes in
modal variation in the small-scale basinlike structures
suggests that there are basinlike structures larger than the
outcrop exposure. The layer at point A on the plate appears
to mark the bottom of a larger basin that deepens eastward.
The layer is bronzite-rich with modal bronzite decreasing
westward as the layer thins. Above the layer is another one,

containing less bronzite, which also pinches out westward.
These examples of offlap and onlap are similar to portions
of the smaller basins and in this example suggest a basin
axis to the east of the available outcrop. Other examples of
onlap and offlap in this area involve layers less than 2 cm
thick and others that are much thicker. Such structures
suggest that the crystals forming the layers did not fall from
great heights above the bottom of the magma chamber and
possibly fell no greater distances than the layer containing
them, if they fell at all.

SYNDEPOSITIONAL DEFORMATION
STRUCTURES

Both ramp and slump structures have long been
known to exist in the Stillwater Complex within the
Ultramafic and Banded series. Hess (1960) described the
slump structures in the Gabbronorite I zone in the
“Snoopy’s Doghouse” outcrop, and Jackson (1961a)
described similar features in the Ultramafic series. More
recently, Foose (1985) described such features in detail in
the Contact Mountain area. Descriptions of the J-M Reef in
the Mountain View area indicate that similar structures are
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common there (Bow and others, 1982; Turner and others,
1985).

Ramp structures crop out near the top of subzone 1 of
the Norite [ zone (pl. 1, loc. A) south of the Minneapolis
adit and about 150 m east of the adit in subzone 2 of the
Norite I zone. The ramp structure (fig. 24) at locality A (pl.
1) consists of plagioclase-bronzite cumulate about 15 cm
thick that has been broken and moved about 60 cm
(apparent) to the east over itself, as by a small-scale thrust
fault. This layer appears to have been brittlely deformed
while the more plagioclase rich plagioclase-bronzite cumu-
late below and above the ramped layer appears to have
deformed plastically to accommodate the overthrusting.
Immediately above the structure, modal layers of
plagioclase- bronzite cumulate continue across the structure
and show no evidence of disturbance. In subzone 2 of the
Norite I zone at locality B (pl. 1), the upper of two
plagioclase-bronzite-augite cumulate layers, which are 5 cm
thick and about 30 cm apart stratigraphically, shows a
similar ramp structure. The layer failed brittlely and appar-
ently moved westward about 30 cm, because several frag-
ments 15 to 23 cm long from the faulted layer are now lying

Both ramp structures are examples of brittle fracture
of semisolid, competent, mafic-rich layers in less compe-
tent, less mafic plagioclase-bronzite cumulates. Undis-
turbed modal layers above and below the ramp structures
indicate that their formation was a surface feature at the
magma-crystal interface and that the process affected layers
no more than a few centimeters to meters from this surface.

Slump or roll structures are found in subzone 2 of the
Norite I zone about 15 stratigraphic meters below the ramp
structures described above and in subzone 1 of the Gab-
bronorite I zone in the “Snoopy’s Doghouse” area (fig. 22).
The slump structure in subzone 2 is an east-facing asym-
metric fold in a plagioclase- bronzite, bronzite-plagioclase,
plagioclase cumulate sequence that is about 0.6 m thick.
Over a strike distance of about 45 cm, the plagioclase-
bronzite cumulate thins eastward by about 25 percent; the
15-cm-thick plagioclase cumulate layer thickens slightly in
the crest of the fold. One to 3 m east of the fold the
plagioclase cumulate interdigitates with a wispy layered
wedge that begins at this point and thickens toward the east.

The slump structure mapped in the “Snoopy’s Dog-
house” area (fig. 25) is the structure originally described by

on top of it. Hess (1960). A sequence of plagioclase-bronzite,
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Table 3. Average total and cumulus modes for plagioclase-bronzite cumulates by

subzone and zone

Total mode Cumulus mode Number
Zone and subzone of
Plagioclase Bronzite Augite Plagioclase Bronzite samples
Norite I, subzone 1 68.0 27.0 5.0 71.6 28.4 45
Norite I, subzone 2 63.4 26.7 9.9 70.4 29.6 21
Norite I, subzone 3 67.2 24.7 8.1 73.1 26.9 10
Gabbronorite I, subzone 1 68.4 20.1 11.5 773 22.7 2
Gabbronorite I, subzone 2 70.0 24.4 5.6 74.1 259 12
Gabbronorite I, subzone 3 55.0 3717 6.4 59.7 40.3 4
Gabbronorite I, subzone 4 78.1 16.9 5.0 82.2 17.8 18
Norite I 60.2 33.1 6.7 64.5 35.5 19
All rocks 67.1 26.5 6.5 72.3 27.7 131

table 2 and plotted in figure 33. This figure shows a general
decrease upsection in modal bronzite with the exception of
the change from subzone 1 to subzone 2 of the Gabbronorite
I zone. Augite increases slowly through subzone 3 of the
Norite I zone and sharply at subzone 1 of the Gabbronorite
I zone, commensurate with the appearance of abundant
cumulus clinopyroxenite. Modal augite then decreases from
subzone 2 through subzone 4 of the Gabbronorite I zone but
shows little change from subzone 4 of the Gabbronorite 1
zone to the Norite Il zone in spite of the disappearance of
cumulus augite. Notably in subzones 1,through 3 of the
Norite I zone, which are almost wholly composed of
plagioclase-bronzite cumulates, augite increases with the
upsection decrease in bronzite, yet where cumulus clinopy-
roxene is abundant in the Gabbronorite I zone, pyroxene
modes have a positive correlation.

Plagioclase-bronzite cumulates (including plagio-
clase-bronzite cumulates with accessory cumulus chromite)
vary in cumulus mode from rocks with as much as 77
percent bronzite to others with less than 5 percent (fig.
27A). Interstitial augite varies from nearly absent to more
than 20 percent of the total rock mode and tends to show an
increase with increasing plagioclase (fig. 27B).

Overall total mode averages of the 131 plagioclase-
bronzite cumulate samples are plagioclase 67.1 percent,
bronzite 26.5 percent, and augite 6.5 percent, whereas
cumulus mode averages are 72.3 percent plagioclase and
27.7 percent bronzite. These modes can be compared to
McCallum and others’ (1980) estimate of cotectic propor-
tions for norite of 60-64 percent plagioclase and 3640
percent bronzite, which were inferred from Irvine’s (1970)
phase diagrams. The average cumulus modes probably
represent a good approximation of the cotectic proportion of
plagioclase and bronzite for Stillwater norites; however,
this ratio is biased in favor of plagioclase due to the
difficulty in distinguishing plagioclase overgrowth from
cumulus plagioclase. Average modes for the plagioclase-
bronzite cumulates of each subzone and zone are listed in
table 3 and plotted in figure 34.

The composition of plagioclase-bronzite-augite
cumulates ranges considerably. Modes range from 84 per-

Petrology of the Noritic and Gabbronoritic Rocks, Stillwater Complex, Montana

cent to 21 percent for plagioclase, from 50 percent to 6
percent for bronzite, and from 52 percent to 6 percent for
augite. In the most mafic samples, cumulus plagioclase may
locally be absent on a thin-section scale. Unit to unit
variation of average modes for plagioclase-bronzite-augite
cumulates are listed in table 4. Simple average modes for 65
rocks sampled are 53.5 percent plagioclase, 21.1 percent
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Figure 34. Average total and cumulus modes for
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Table 4. Average total and cumulus modes for plagioclase-
bronzite-augite cumulates by subzone and zone

Number
Zone and subzone Plagioclase Bronzite Augite of

samples
Norite I, subzone 1 42.4 322 25.4 1
Norite I, subzone 31 37.5 15.8 46.7 1
Gabbronorite I, subzone 1 51.8 19.1 29.2 9
Gabbronorite I, subzone 2 43.8 26.4 29.8 11
Gabbronorite I, subzone 3 56.7 22.1 21.2 7
Gabbronorite I, subzone 4 56.5 19.5 24.0 35
Norite I 63.6 20.8 15.6 1
All rocks 53.3 21.1 25.6 65

10ne sample of a 4-cm-thick layer.

bronzite, and 25.6 percent augite. These may be compared
with 55-60 percent plagioclase, 15-20 percent augite, and
20-25 percent orthopyroxene estimated as cotectic propor-
tions for gabbronorite (McCallum and others, 1980). The
agreement in estimates is almost perfect. Unit to unit
average modes of all plagioclase bronzite-augite cumulate
are listed in table 4 and shown in figure 35.
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Figure 35. Average mode of plagioclase-bronzite-augite
cumulates plotted by subzone and zone. Dashed line
represents uncertainty.

Mineral Composition

Mineral compositions of 200 plagioclase and 198
bronzite samples were determined using the X-ray diffrac-
tion techniques of Jackson (1960) and Himmelberg and
Jackson (1967). For all samples analyzed, plagioclase
ranged from Ang, to Ang; and averaged Angg;, and
bronzite ranged from Engg to Ens, and averaged En,, ;.
Compositional data for each subzone and zone are listed in
table 5. Interunit changes for average plagioclase and
bronzite compositions are shown in figure 36.

Vertical variation within subzone and zone for pla-
gioclase and bronzite compositions of individual samples
varies by as much as 13 percent An and 26 percent En (table
4). However, the columnar sections of each subzone and
zone (figs. 5, 7-10, 12-14) suggest that these variations are
not strictly random but display various trends. In general,
massively layered sections show relatively little variation in
mineral compositions, whereas significant perturbations are
common through more thinly layered sections. Trends of
mineral compositions that underlie the perturbations asso-
ciated with layering suggest several patterns. In subzone 1
of the Norite I zone (fig. 5), percentage An of two of the
three columns increases upsection while percentage En
tends to decrease. The third column shows little systematic
change for either An or En content. In subzone 2 of the
Norite I zone (fig. 7), both An and En content decrease
upsection in the western column but show little change in
the eastern column. In subzone 3 of the Norite I zone (fig.
8), both An and En tend to decrease upward in both
columns. Subzones 2 and 3 of the Gabbronoritic I zone
(figs. 10 and 12) show a slight upsection decrease of En
contents but little change in An content. In subzone 4 of the
Gabbronorite I zone (fig. 13), widely spaced surface sam-
ples suggest that both An and En contents decrease upsec-
tion with little variation. However, detailed analysis from
core DS-2/WD-6 indicates that the En content of bronzite
varies considerably and that these variations have signifi-
cant correlations at the 1 percent level with bronzite crystal
size (r=0.465) and mode (r=0.620). In the Norite II zone
(fig. 14), both An and En content tend to decrease slightly
upsection.

In summary, in three units (subzone 1 of the Norite I
zone and subzones 2 and 3 of the Gabbronorite I zone), En
content decreased and An content either increased or
remained approximately the same (fig. 37). In four sections
(subzones 2 and 3 of the Norite I zone, subzone 4 of the
Gabbronorite I zone, and the Norite II zone), both An and
En contents tended to decrease upsection. In subzone 1 of
the Gabbronorite I zone the En content increased slightly
while An content remained approximately constant.

Average mineral compositions (fig. 36) for the units
range from Ang; ; to An,g , for plagioclase and from Eng, 4
to En,s, for bronzite. In general, both trends tend to
decrease upsection; however, an analysis of variance of the
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Table 5. Average, range, and standard deviations of min-
eral compositions of plagioclase and bronzite by subzone
and zone

Range Number
Zone and subzone Average Standard of
An or Enl High Low  deviation  samples

PLAGIOCLASE

Norite I, subzone 1 81.1 889 76.2 2.0 49
Norite I, subzone 2 80.3 82.1 71.6 2.2 21
Norite I, subzone 3 81.0 87.5 71.5 2.7 11
Gabbronorite I, subzone 1 81.2 82.9 79.3 1.1 11
Gabbronorite I, subzone 2 80.5 82.5 78.5 1.2 25
Gabbronorite I, subzone 3 80.4 83.4 79.0 1.3 11
Gabbronorite I, subzone 4 79.9 83.0 74.0 1.8 62
Norite I 78.2 816 756 1.5 21
BRONZITE
Norite I, subzone 1 77.7 83.2 72.1 2.6 45
Norite I, subzone 2 78.9 86.0 73.6 35 19
Norite I, subzone 3 77.2 81.2 73.6 2.7 11
Gabbronorite I, subzone 1 77.1 80.4 72.4 2.5 11
Gabbronorite I, subzone 2 71.3 83.3 68.4 3.2 27
Gabbronorite I, subzone 3 76.9 81.0 71.0 2.7 11
Gabbronorite I, subzone 4 75.7 83.0 57.0 4.5 55
Norite I 76.8 850 727 2.5 19

1An, anorthite content for plagioclase; En, enstatite content for bronzite.

data indicates that only the average An content of the Norite
IT zone differs significantly from the values of other units.

Average mineral compositions for plagioclase cumu-
lates, plagioclase-bronzite cumulates, and plagioclase-
bronzite-augite cumulates are shown in figure 36. In general
there is no consistent difference in An content between the
three lithologies. Average bronzite composition, however,
is always enriched in magnesium in plagioclase-bronzite-
augite cumulate and in iron in the interstitial bronzite of the
plagioclase cumulate. An analysis of variance of the data
shows that only the iron enrichment in the plagioclase
cumulates is significant at the 1 percent level for the entire
section. On a smaller scale, the difference in En content for
the three lithologies is significant in subzones 4 and 7 of the
Gabbronorite I zone.

Sulfide Mineral Variation in Subzone 4 of the
Gabbronorite | Zone

Most thin sections examined contained opaque min-
erals, which were preliminarily identified as sulfide miner-
als as well as oxides. Because sulfide minerals appeared to
be present in most samples, the drill core (DS- 2/WD-6) in
subzone 4 of the Gabbronorite I zone was selected for study
of sulfide mineral distributions using polished thin sections.
In addition, any patterns in sulfide mineralization could be
related to patterns in the silicate mineral characteristics, as
these were also studied in detail.

Sulfide minerals are present as both single-phase and
polyphase grains as inclusions in silicate camulus minerals,
interstitially at silicate mineral boundaries, interstices, and
triple junctions, and as veins. For those occurring as

inclusions, about 82 percent are enclosed in plagioclase, 14
percent in bronzite, 1 percent in clinopyroxene, and the
remainder in epidote, an alteration mineral of plagioclase.
Plagioclase-plagioclase grain boundaries predominate as the
locations for interstitial sulfide minerals; minor amounts are
at triple junctions and interstices formed by combinations of
plagioclase and two pyroxenes. Commonly, small amounts
of hornblende and phlogopite are associated with the sulfide
minerals by occurring in the same interstitial space. About
20 percent of the sulfide grains have alteration minerals
from plagioclase and pyroxene associated with them. The
most common mineral is epidote, locally sericite, and rarely
chlorite. The veins are usually less than a couple of
millimeters long and 5 to 20 pm wide and probably
represent remobilized primary sulfide minerals.

The most common shape of the sulfide grains approx-
imates a rectangle which may be in part a function of the
crystallographic habit of plagioclase. Next most common
are elliptical shapes. Triangular, polygonal, and irregular

GABBRO-
NORITE 1
ZONE

EXPLANATION

= Orthopyroxene (enstatite content)
r x Plagioclase (anorthite content) 7]

OLIVINE-
BEARING |
ZONE

No data

GABBRONORITE | ZONE

SUBZONE
T
1

NORITE | ZONE

1 i 1 1 1 1 1 1

7% 76 77 78 79 80 81 82 83 84
ANORTHITE OR ENSTATITE CONTENT, IN PERCENT

Figure 36. Average plagioclase and bronzite compositions
plotted by subzone and zone.
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shapes of the sulfide grains are the least common. Sizes of
the grains vary from 1 to 2 pm in average dimension (length
+ width/2) to about 220 wm and average about 52 pm.

The volume percent sulfide in the samples varies
from about 0.001 percent to 0.016 percent as determined by
measuring the area of the polished thin section and deter-
mining the total area occupied by sulfide grains. Such
calculations probably only represent an order of magnitude
and are similar to the 0.01 and 0.007 volume percent sulfide
minerals found in the G and H chromitite zones of the
Ultramafic series (Page, 1971b). Pyrrhotite, pentlandite, and
chalcopyrite are the most abundant phases; magnetite is
rare. Grains of one, two, three, and four phases were
observed both as inclusions and interstitial material; how-
ever, pentlandite was not observed as single-phase grains.
Proportions of sulfide minerals in three- or two-phase grains
are highly variable. Vein fillings are predominantly pyrrho-
tite and chalcopyrite.

In order to estimate sulfide abundances through the
section of subzone 4 of the Gabbronorite I zone, the number
of polyphase sulfide grains was counted in polished thin
sections. A group of these samples in which the sulfide and
total area of the section were measured showed that the
number of polyphase grains is proportional to the volume of
sulfide minerals present, so that the more rapid technique of
counting polyphase grains provides a reasonable estimate of
the amount present. The sulfide abundance is compared
with the silicate stratigraphy in the upper part of subzone 4
of gabbronorite I zone below the J-M Reef (fig. 38). Four
polyphase grains per thin section equal approximately 0.006
percent by volume sulfide minerals, and nine grains approx-
imate 0.013 percent sulfide minerals. The number of
polyphase sulfide mineral grains per thin section tends to
decrease upward in subzone 4 as the Olivine-bearing I zone
is approached, with fairly wide fluctuations (fig. 38B). The
use of a three-point running average smooths out some of
the fluctuation but shows a similar pattern (fig. 38C).

The presence of sulfide minerals as polyphase grains
in inclusions within cumulus plagioclase, the first camulus
phase to crystallize, suggests that immiscible sulfide liquid
droplets were present when plagioclase crystallized. This
also implies that the magma from which the plagioclase
crystallized was saturated with respect to sulfide.

ROCK GEOCHEMISTRY OF SUBZONE 4 OF THE
GABBRONORITE | ZONE

In order to characterize the geochemical environment
in rocks immediately below the Olivine-bearing I zone,
which contains the J-M Reef, core samples spaced approx-
imately 30 to 60 cm apart were selected from drill hole
DS-2/WD-6 for chemical analysis. The elements Ti, Mn,
Ag, Co, Cr, Cu, Mo, Ni, Pb, Sn, V, and Zn were analyzed
using quantitative emission spectroscopy, and Pt, Pd, and
Rh were analyzed by fire assay-graphite furnace-atomic

absorption. The results are given in table 6. Five elements
were not found above their detection limits: Ag (0.4 ppm),
Mo (4 ppm), Sn (4 ppm), Zn (50 ppm), and S (0.01 weight
percent). Rhodium was detected in two samples and Pb in
three samples. The remaining elements were found at or
above their detection limits with the distribution of concen-
trations in rocks for each element approaching log-normal
values. Correlations for log-transformed concentrations
between the trace elements are listed in table 7. Except for
a weak correlation between themselves, Pt and Pd have no
significant correlations with any of the detected elements.
The remaining elements are moderately to highly correlated
at better than the 1 percent level.

Average concentrations for cumulus rock types,
shown in table 8, demonstrate that the elements Ti, Mn, Co,
Cr, Cu, Ni, and V are related to rock type. Plagioclase-
bronzite-augite cumulates on the average contain larger
amounts of these elements than do plagioclase-bronzite or
plagioclase camulates. As these elements normally reside in
mafic silicate, oxide, or sulfide minerals, such a relation
should be expected. Further, correlations between log-
transformed concentrations, total pyroxene mode, and En
content of bronzite (table 9) emphasize this conclusion.
Highly significant, moderate to high correlations exist
between Ti, Mn, Cr, Co, Ni, and V and total mode; these
elements also show moderate correlations with the En
content of bronzite at the 1 percent level.

To investigate variations or changes in concentration
levels not associated with the changes in total pyroxene
mode, regressions of Ti, Mn, Co, Cr, Ni, and V against the
total pyroxene mode were calculated. The residuals from
these regressions were then plotted against stratigraphic
height (fig. 39). These diagrams show individual samples
that differ from the expected element concentration that
would be predicted from the total pyroxene mode and (or)
any chemical trends related to stratigraphic position. Devi-
ations from predicted concentrations of elements based on
total pyroxene mode reflect the occurrence of accessory
minerals, such as oxide and sulfide minerals, or changes in
trace element content of the pyroxenes related to magmatic
differentiation. The divisions, I through IV, shown on
figure 39 are layering packages that have pyroxene-enriched
bases and grade to plagioclase-rich tops. The layering
sequences defined in this way form repetitive cycles or
units.

Residuals for Ti, Mn, Co, Cr, Ni, and V show strong
excesses at or just above the boundary between the first and
second layering package within the core section (samples
39.5-40.0). Near the boundaries between layering packages
Il and III and between III and IV, both excesses and
depletions occur. Little significant difference or change is
noted between layering packages II and III, but the top of
layering package III is depleted in Mn, Co, Ni, and V and
enriched in Ti. The residuals near the contact of subzone 4
of the Gabbronorite I zone with the Olivine-bearing I zone
show increases in residuals similar or greater than those
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between layering packages I and II. Residuals of Ni, Cr,
and perhaps Co and the concentrations of Cu and Pt (table
6) show moderate to slight increases from the lower part of
cyclic layering package I to the Olivine-bearing I zone. The
increase in residual Cr upward through the core above
layering package I agrees with observations of Barnes and
Naldrett (1985) that Cr content in bronzite from the lower
part of the Gabbronorite I zone ranges from 1,600 to 2,200
ppm and increases to 1,500 to 3,400 ppm at the boundary
between the Gabbronorite I zone and the Olivine- bearing I
zone. The range of Cr content in bronzite is greater
(1,800—4,200 ppm) in the Olivine-bearing I zone. The

upward decrease in residual Cr within layering package I
appears to be controlled by the upward decrease of the ratio
of clinopyroxene to bronzite.

In summary, much of the variation in trace-element
content in rocks below the Olivine-bearing I zone is
explained by variation in the amounts of modal pyroxene.
The residuals, the variation not ascribable to total pyroxene
modal variations, in some situations can be ascribed to
magmatic differentiation; however, rapid changes in the
residuals are more probably related to variations in the
amounts of accessory minerals, such as oxides and sulfide
minerals.
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Table 6. Trace element analyses of rock samples from subzone 4 of the Gabbronorite | zone

[Values are given in parts per million. Samples from core DS-2/WD-6 and sample numbers are drilling footages. Ti,
Mn, Co, Cr, Cu, Pb, Ni, and V by quantitative emission spectroscopy; analysts: J Kent and C. Heropoulus: Pd, Pt, and
Rh by fire assay—graphite furnace-atomic absorption; analysts: J. McDade and S. Wilson; *, insufficient sample]

Sample No. Ti Mn Co Cr Cu Pb Ni \ Pd Pt Rh
0.5 0.05 780 38 1500 14 <14 170 110 0.009 0.025 <0.001
1 .05 720 28 1600 18 <14 160 150 .01 018  <.001
2 .04 670 28 1400 15 <14 150 120 .009 019 <.001
3.5 .05 810 41 1600 17 <14 200 140 .002 014 .001
4.9 .06 790 41 1700 24 <14 220 150 .008 017 <.001
6 .05 670 27 1400 15 <14 140 120 .006 014 <.001
8.5 .05 590 25 1100 19 <14 120 100 .009 018 <.001
9.4 .05 660 29 1400 19 <14 150 130 * * *

10.4 .04 380 15 620 13 <14 69 71 .012 017 <.001
13.2 .04 500 21 590 20 <14 100 70 .005 027 <.001
15 .05 590 22 980 22 <14 140 98 .004 015 <.001
16.5 .03 300 10 150 21 <14 55 43 .004 2 <.001
17.8 .03 420 12 160 16 <14 67 37 * * *

18 .04 370 15 430 15 <14 87 76 .001 .026 <.001
19.2 .04 420 16 290 17 <14 96 63 .01 018 <.001
20.5 * * * * * * * * * * *

21.5 .04 350 13 230 18 <14 63 62 .007 .064 <.001
24 .04 330 14 190 20 <14 63 62 .008 025 <.001
26 .04 360 15 290 18 <14 82 72 .008 027 <.001
28 .03 320 11 280 17 <14 54 64 .007 .032 .001
29.5 .03 360 14 210 17 <14 70 52 .007 027 <001
32 .04 410 17 200 17 43 74 64 .005 .025 <.001
33 .05 360 10 140 25 41 58 72 .012 031 <.001
34.8 .04 250 9.7 85 18 83 52 53 .005 018 <.001
36 .05 330 11 62 14 <14 43 65 001 <01 <.001
38.6 .04 330 8.5 170 49 <14 42 46 .004 .02 <.001
39.5 .04 660 23 430 26 <14 154 73 N . *

39.8 09 1200 57 3000 49 <14 390 240 .005 019 <.001
40 1 1300 72 3200 60 <14 430 380 .003 013 <.001
40.5 1 1400 71 2700 21 <14 410 260 .001 011 <.001
41 .09 1400 72 3200 26 <14 420 220 .009 028 <.001
41.5 .06 850 36 1400 42 <14 170 130 * N *

42 .06 980 62 2500 32 <14 350 160 .015 .033 <.001
44.5 .1 1100 69 3200 38 <14 430 210 .007 124 <001
45.5 .07 1100 67 3100 39 <14 400 200 .008 017 <.001
46.5 .04 1100 60 2600 32 <14 330 190 .016 024 <.001
47 .08 310 11 440 27 <14 73 60 .004 027 <001
47.5 .08 1000 59 2800 24 <14 330 180 012 .03 <.001
48.5 .05 1000 59 2900 52 <14 360 190 .01 024 <.001
52.5 .06 730 37 1800 31 <14 240 110 .031 033 <.001
53 .05 820 42 1900 33 <14 280 110 .027 .029 <.001
54.8 * * * * * * * * * * *

55.7 .05 710 44 1900 41 <14 290 110 .011 .021 <001
56 .05 660 25 225 29 <14 130 78 012 093 <.001

ENVIRONMENTS OF MAGMATIC
ACCUMULATION BELOW THE J-M REEF

The stratigraphic, mineralogic, and petrologic obser-
vations discussed and tabulated for camulus rocks below the
Olivine-bearing I zone and above the Bronzitite zone
describe two extremes of depositional environments for the
cumulates. One environment produces cumulates with
monotonous-appearing characteristics that vary only
slightly over relatively large distances; the other produces
cumulates that have highly variable characteristics over

relatively short distances. Within and between subzones
there is an interplay between both environments that
appears predominantly with stratigraphic position but which
is also present along strike. In addition, there are petrologic
constraints imposed by examining the average characteris-
tics of the zones and subzones as whole units excluding the
Variability. It is these different features that must be
addressed by genetic models for the formation of the Norite
I and Gabbronorite I zones.

Characteristics of the monotonous-appearing cumu-
lates include relatively thick modal and phase layers within
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Table 7. Correlation coefficients of log-transformed concentrations of selected
trace elements in rocks from subzone 4 of the Gabbronorite | zone

[Values are significant at the 1 percent level when the correlation coefficient is greater than 0.400]

Pd Pt Ti Mn Co Cr Cu Ni
Pt 0.427 — — — — — — —
Ti .093 0.203 — — — — — —
Mn 175 214 0.722 — — — — —
Co 210 198 715 0.978 — — — —
Cr 258 319 672 915 0.933 — —_ —
Cu 284 .073 .553 617 .659 0.567 — —
Ni 237 201 728 .968 987 .935 0.707 —
v .059 322 .796 .930 934 903 .626 0.921

Table 8. Average concentrations of selected trace elements
in rocks from subzone 4 of the Gabbronorite | zone based
on analyses in table 5

[ppm, parts per million; ppb, parts per billion]

Plagioclase- Plagioclase- Plagioclase
Element bronzite- bronzite cumulate
augite cumulate
cumulate
Ti, wt pct 0.065 0.043 0.040
Mn, ppm 858 517 391
Co, ppm 44 23 14
Cr, ppm 1968 728 206
Cu, ppm 28 25 19
Ni, ppm 253 130 73
V, ppm 153 80 62
Pd, ppb 6.5 7.5 6.6
Pt, ppb 21.6 22.5 35.7

which there is slight variation in the modal composition of
the cumulates. Nevertheless, within the thick layers the
slight changes in modal composition are exhibited by
pyroxene-rich bases and plagioclase-enriched tops to the
layers, thus producing overall large-scale mineral-graded
layers. Within layers, bronzite and plagioclase composi-
tions are relatively constant showing only small changes in
En and An content; that is, there is little cryptic layering.
Textural layering is also sparse.

In the environment that produces cumulates with
highly variable features, the characteristics of the rocks
include relatively thin modal and phase layers (thin as one
crystal thick). Modal compositions of the cumulates are
highly variable, as are the plagioclase and bronzite compo-
sitions. Mineral, size, and cryptic layering are well devel-
oped. Textural layering is common. Syndepositional struc-
tures and irregular layering are characteristic features of the
cumulates formed in this environment. In addition, the
features change relatively rapidly (over distances of outcrop
scale) along strike.

Both environments tend to be constrained to specific
positions in the stratigraphic sections (compare figure 34
with the detailed sections figures 5, 7-10, and 12-14). The
bases of the subzones of the Norite I and Gabbronorite I

C42

Table 9. Correlation coefficients of log-
transformed concentrations of selected ele-
ments, total pyroxene mode, and En content
of bronzite for rocks from subzone 4 of the
Gabbronorite | zone

[Values are significant at the 1 percent level when the
correlation coefficient is greater than 0.40]

Element Total pyroxene mode En content
Ti 0.67 0.49
Mn .84 .59
Co .85 .67
Cr .90 .38
Cu 42 .59
Ni .83 .54
v .86 .58

zones contain the more monotonous-appearing cumulates,
whereas the tops of the subzones contain the cumulates with
highly variable characteristics. There are exceptions to this
observation, and along strike within a subunit, the environ-
ment does change locally. The general pattern implies that
during the deposition of subzones, the environment or the
processes producing that environment changed during the
period of deposition.

Excluding the variability and examining only the
overall characteristics of the plagioclase-pyroxene cumu-
lates below the Olivine-bearing I zone also imposes con-
straints on the processes that produced the two extreme
environments. Although few individual samples of
plagioclase-bronzite or plagioclase-bronzite-augite cumu-
late have the hypothetical modal eutectoid compositions for
basaltic liquids, the average modal compositions of the
cumulates approach both of the eutectoid compositions.
Layers, subzones, and zones tend to have decreasing modal
amounts of bronzite and clinopyroxene upward, as empha-
sized in figure 31. Another overall characteristic is the
change from either plagioclase-bronzite or plagioclase-
bronzite-augite to plagioclase camulate upward in the strati-
graphic section. Relatively small changes in average En and
An content of bronzite and plagioclase are observed,
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although the compositions do change toward lower En and
An contents upward through the subzones in a relatively
regular fashion. The final characteristic that needs consid-
eration is the overall dominance of the monotonous-type
cumulates in the lower subzones of the Norite I zone and the
progressively increasing dominance of the variable-type
cumulates in the subzones of Gabbronorite I just below the
Olivine-bearing I zone with the return to the more
monotonous-type cumulates in the Norite II zone.

DISCUSSION AND DEVELOPMENT OF A
MODEL FOR THE GENESIS OF THE
NORITE 1 AND GABBRONORITE I ZONES

A wide range and variety of processes and models
have been put forward and defended to explain the devel-
opment of cumulate rocks and their repetitive layering in
specific and general examples. These include (1) crystal
settling under the influence of gravity or in convection
currents as discussed by Hess (1960) and Wager and Brown
(1968), who also recognized the potential for crystals
floating, accreting to walls or the roof of an intrusion and
upward or inward in-place growth of crystals from the floor
or walls, (2) in-place crystallization from stagnant batches
of magma with the potential for crystals settling only short
distances (Jackson, 1961a, and refined by Campbell, 1978),
(3) crystallization concurrently of whole sequences of
cumulus layers by downdip accretion from magma layers of
varying compositions separated by diffusive interfaces (Irv-
ine and others, 1983), (4) magma replenishment or influxes
and mixing (Brown, 1957; Raedeke and McCallum, 1984),
and (5) various other processes dependent upon changes in
pressure (Osborn, 1980; Cawthorn, 1982), compaction and
expulsion of pore magma (Irvine, 1980), diffusion-
controlled crystal growth and oscillatory nucleation (McBir-
ney and Noyes, 1979), and contamination by crustal
materials. The purpose of this brief and incomplete review
is not to decide the merits of one or the other of the
hypotheses, but to credit some of the sources that influenced
the model presented below.

The small and relatively regular changes in the
average composition of bronzite and clinopyroxene upward
through the Norite I and Gabbronorite I zones suggest that
magmas of similar compositions related by normal differ-
entiation were the source of the cumulates. The develop-
ment of subzones within the zones that have more
plagioclase-rich tops than bottoms suggests that the mag-
mas, in a generalized way, crystallized in batches, subzone
by subzone. The existence of local unconformities at
subzone boundaries also supports crystallization individu-
ally and in the sequence of the subzones. However, the
crystallization of a subzone is more complicated, and these
complications are represented by the two extreme environ-
ments of deposition.

The homogeneity exhibited by the composition of
bronzite and plagioclase within the monotonous-appearing

parts of the subzones could be explained by nucleation and
equilibrium crystallization with the crystals suspended in
the batch of magma from which they originated. Such a
process also accounts for the overall approach of the
cumulates to modal compositions resembling hypothetical
eutectoid proportions. As crystallization proceeded, pyrox-
ene and plagioclase must have adjusted their position in the
suspension under the influence of gravity by pyroxene
settling, plagioclase floating, or both to enrich the bases in
pyroxene and the tops in plagioclase. Because there is litile
evidence for large amounts of size sorting of either plagio-
clase or bronzite, the crystals must not have traveled great
distances. This also implies that the thickness of magma
from which a monotonous-appearing part of a subzone
crystallized was probably not much thicker than those
cumulates. After the cumulus crystals formed an interlock-
ing pile of crystals, postcumulus processes could and did
modify the cumulates, but the result did not produce
textural layering, suggesting that broad-scale interchange of
magma within the pore spaces did not happen.

Near the tops of subzones, the monotonous-appearing
cumulates are followed by cumulates that vary rapidly in
modal mineral composition, crystal size, and textural and
structural characteristics. Although the characteristics
change rapidly, they correlate well one with another and
imply that modal amount, mineral composition, crystal
size, and textural category are interrelated. The structural
features in these thinner cumulate layers imply an environ-
ment of higher energy involving currents and changes in
orientation of the floor. Specifically, the onlap and offlap
relations of cumulate layers are evidence that the orientation
of the floor changed during deposition, and slump and ramp
structures imply that the crystal pile was poorly cemented
and that movements of the floor may have triggered the
instability of the cumulates. Unconformities, scours, chan-
nels, and current structures suggest local erosion and
deposition by moving magma. The rapidly varying modes,
mineral compositions, and crystal size suggest that accu-
mulation of cumulus material involved gravity, currents,
and perhaps variations in magma composition. The strati-
graphic and structural relations of the thin cumulate layers
suggest that the cumulus crystals did not settle great
distances under the influence of gravity and settled perhaps
no farther than the thickness of the layer that contains them.
Even in this environment, there are regular changes within
layers of cumulates, such as plagioclase enrichment up-
ward, and regular sequences of layers from bronzite-
plagioclase to plagioclase cumulates or bronzite-augite-
plagioclase to bronzite-plagioclase to  plagioclase
cumulates. After deposition, the pore-filling magma must
have been much more active than in the monotonous-
appearing cumulates to have produced the textural changes
that produce textural layering. At the top of the cumulates
that formed in the more active environment is a sharp
boundary, usually an unconformity or at least locally an
unconformity, above which monotonous-appearing cumu-
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lates were deposited. This boundary appears critical in the
interpretation of processes and probably represents the
arrival of a new batch of magma at this particular position
in the chamber. The precursor events to this, as shown by
the structures in the cumulates with variable characteristics,
seem to be changes in the orientation of the floor, produc-
tion of current features, and perhaps production of variable
composition magmas. There are several ways of interpret-
ing the boundary. One is that new magma of slightly
different composition, but with a composition that could be
produced from the underlying magma by normal basaltic
fractionation, was introduced either from an exterior source
or from the Stiliwater chamber itself, perhaps by variable
depth convection as outlined by Jackson (1961a). Another
interpretation is that the rocks immediately below the
boundary represent a zone of magma mixing either in a
density-composition stratified magma chamber or from the
introduction of a batch of new denser magma and that the
rocks above represent the return to normal crystallization.
For the subzones within the Norite I and Gabbronorite I
zones, we believe that the evidence favors the former
interpretation.

The observation that cumulates with variable charac-
teristics progressively become more dominant as the
Olivine-bearing I zone is approached is intriguing. Did the
development of these rocks act as a signal or precursor to
major change in the Stillwater magma chamber? Most
investigators of the J-M Reef or Olivine-bearing I zone
agree that its formation represents the introduction of new
magma of different composition than the rest of the magma
chamber. Such an event could involve a period of structural
preparation of the conduits, country rocks, and chamber
that might have been reflected in the change of environment
from low-energy, almost stagnant conditions to a high-
energy environment.
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